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ABSTRACT: A recent experimental study [Ohba, Sci. Rep. 2016,
6, 28992] of gas adsorption on single-walled carbon nanotubes at
temperatures between 2 and 5 K reported a quenched propagation
of helium through carbon nanotubes with diameters below 7 Å
despite the small kinetic diameter of helium atoms. After assessing
the performance of a potential model for the He−nanotube
interaction via ab initio calculations with density functional theory-
based symmetry adapted perturbation theory, we apply orbital-free
helium density functional theory to show that the counterintuitive
experimental result is a consequence of the exceptionally high zero-
point energy of helium and its tendency to form spatially separated
layers of helium upon adsorption at the lowest temperatures.
Helium ﬁlling factors are derived for a series of carbon nanotubes
and compared to the available experimental data.
Carbon-based nanoporous materials have attracted muchattention in recent years because of their outstanding
adsorption capabilities with potential applications for gas
storage and separation.1 Among them, single-walled nanotubes
stand out because of their one-dimensional ﬂow channels,
which can be adjusted in terms of helicity, channel length, and
diameter.2,3 The process of gas adsorption and the propagation
through porous materials with diameters in the nanometer
regime is typically described by molecular dynamics simu-
lations. The most obvious limitation of this approach concerns
the appearance of quantum phenomena such as zero-point
energy or quantum tunneling eﬀects, which become relevant for
light particles at the lowest temperatures. Very recent examples
are isotope separations via carbon nanotubes,4 graphene
membranes,5−7 graphdiyne,8,9 or carbon materials in general,10
which are typically treated with more advanced techniques such
as ring polymer molecular dynamics11,12 or via ﬁrst-principles
methods.
A series of interesting questions arises if supramolecular
structures are embedded in a quantum ﬂuid at temperatures
near absolute zero Kelvin. At these conditions, helium atoms
are known to adsorb to a substrate in a layerlike structure due
to the hard-core repulsion between individual atoms.13−17
Stronger binding surfaces such as graphite or graphene create
large local pressures which even lead to solidiﬁcation of the ﬁrst
few layers, an eﬀect which reveals itself in pronounced density
ﬂuctuations in the normal direction to the surface.16,18 These
phenomena should also aﬀect the hydrodynamic behavior of
superﬂuid helium when propagating through nanopores, as has
been experimentally investigated recently.19,20 A series of
theoretical studies was dedicated to the study of quantum
ﬁlms, using various approaches such as the hypernetted Euler−
Lagrange method,15,21−23 path-integral Monte Carlo simu-
lations,18,24−27 or helium density functional theory
(DFT).14,16,28−30 The latter two approaches have also been
extensively applied to the study of superﬂuid helium nano-
droplets, which are a common experimental tool for atomic and
molecular spectroscopy in a weakly perturbing environ-
ment.31−34
In this Letter, we simulate the embedding of single-walled
nanotubes of various diameters into liquid helium at a
temperature of 0.38 K. Our simulations comprise nanotube
structures of up to 360 carbon atoms embedded into a helium
nanodroplet composed of 2000 helium atoms. Because the
interaction of atomic carbon with He is stronger than the
interaction between two He atoms, the “heliophilic” carbon
materials are supposed to fully submerge after embedding.
However, because nanotubes are hollow objects, their sinking
will be preceded by the ﬂooding of the interior, similar to the
sinking of an open metal can in water. In the classical picture,
this is only hindered or delayed by the presence of gas inside,
which has to escape the hollow object ﬁrst. This is obviously
not the case here; instead, the helium inside the nanotube will
be strongly constrained in two out of three dimensions, which
leads to additional energy costs due to the increased zero-point
energy. As a consequence, a hindered or incomplete ﬂooding is
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assumed for nanotubes of suﬃciently small diameter. However,
because it is, in contrast to the macroscopic analogy we chose,
not gravity which pulls the object into the liquid but simply the
interaction between helium and the nanotube, the latter will
also sink into the liquid, even if the inside of the carbon
nanotube (CNT) is not fully ﬁlled by helium. We will prove
this thought experiment in two steps: one dedicated to the
generation of suitable interaction potentials from ﬁrst
principles, and one to the calculation of actual He density
distributions based on these potentials.
We start with the potential felt by a single He atom inside a
carbon nanotube of a given radius. Our method of choice is
DFT-based symmetry-adapted perturbation theory (DFT-
SAPT)35,36 as implemented in Molpro,37 which we apply to
short carbon nanotubes with the smaller helicity indices (5,5)
and (7,7) because of computational limitations; see the
Supporting Information for details. Figure 1 shows the weak
attractive interaction experienced by a single He atom with the
inner walls of a carbon nanotube, which results from a subtle
balance between dispersionless (mostly exchange−repulsion)
and dispersion energy contributions. Note that the dependence
of this interplay on the nanotube radius is an important feature
of the He−CNT system and has a strong impact on the He
density distributions to be evaluated in the second step. To
accurately describe the He−CNT interaction in larger and
longer carbon nanostructures, we introduce an additive pairwise
atom−bond potential model.38 Its performance has been
demonstrated recently for the interaction of He with
graphene/graphite surfaces,38,39 and its applicability to nano-
tubes is illustrated in Figure 1 by direct comparison to the
DFT-SAPT results for CNT(7,7). For brevity, a detailed
analysis of the SAPT-based energy components has been
shifted to the Supporting Information.
The additive pairwise potential model allows the generation
of full three-dimensional potential energy surfaces (PESs) for
the interaction of a He atom with a carbon nanotube of
arbitrary size. We select nanotubes comprising 6 unit cells each,
with helicity indices ranging from (4,4) to (9,9), giving six types
with a length of 13.53 Å and tube diameters in the range of
5.42−12.18 Å. The results for one-dimensional scans along the
tube axis and perpendicular to it are summarized in Figure 2.
Zero energy is set to inﬁnite distance between the He and the
carbon nanotube. From this study it can be seen that the (4,4)
nanotube is too small for He propagation. The corresponding
axial potential curve shows a bound state located at 8.82 Å,
which lies approximately 2.06 Å above the tube entrance. Its
binding energy of −160 K is just slightly lower than the
adsorption energy anywhere outside on the tube surface
(−142 K). The next larger nanotube (5,5) is already large
enough for helium penetration. Interestingly, this type shows
Figure 1. DFT-SAPT-based decomposition of the He/CNT(7,7) interaction energy in dispersionless (exchange−repulsion, electrostatic, and
induction) and dispersion contributions for a single He atom located at a distance r from the nanotube mass center and at the central plane
perpendicular to the nanotube long axis. A comparison between atom−bond model and DFT-SAPT potential energy curves is also shown.
Figure 2. Radial (a) and axial scans (b) of the PES for the interaction of a single He atom with carbon nanotubes of various size. Only for the (5,5)
nanotube is the potential minimum on the z-axis. For all larger nanotubes the minimum lies near the inner surface. Note that the inside of the (4,4)
nanotube is not accessible to helium.
The Journal of Physical Chemistry Letters Letter
DOI: 10.1021/acs.jpclett.6b02414
J. Phys. Chem. Lett. 2016, 7, 4929−4935
4930
the strongest He adsorption (624 K) of all nanotubes
investigated, because its diameter allows for a symmetric
attractive interaction with all neighboring carbon atoms on the
inside. For the larger nanotubes, starting with the (6,6) helicity,
the PES minimum for adsorption on the inside moves away
from the center and toward the inner surface. An equilibrium
distance of 3.51 Å from the inner wall can be observed for the
(6,6) tube, which becomes slightly smaller for the larger tubes
(3.23 Å for the largest in the series) as it slowly converges to
the graphene adsorption value. The energies for external He
adsorption are only weakly inﬂuenced by the nanotube size,
growing from 142 to 160 K in the series.
From these cuts through the PES we can derive the zero-
point energy of a single He atom. Assuming a fully rigid
nanotube, we have only the three degrees of freedom of the
helium atom inside the channel. The zero-point energy for the
vibrations along the radial and axial degrees of freedom can be
easily determined by numerically solving the one-dimensional
nuclear Schrödinger equation using the potential curves shown
in Figure 2. These zero-point energies, obtained via a ﬁnite-
diﬀerences approach, are collected in Table 1. The strong
conﬁnement of the He atom upon adsorption inside the (5,5)
tube leads to a considerable zero-point energy in this geometry
due to the steepness of the radial potential, which arises from
the signiﬁcant exchange−repulsion even at the nanotube
center; see Supporting Information. After zero-point energy
corrections are included, the lowest nuclear bound-states
energies of the He atom for (5,5) and (6,6) nanotubes become
comparable, but the He atom remains bound in both cases. Our
results are in agreement with the experimental measurements of
Ohba,20 showing that carbon nanotubes with diameters below
7 Å do barely adsorb helium atoms at temperatures as low as 2
K. Still, it is necessary to account for the He−He interaction
and the peculiarity of the superﬂuid quantum state in order to
obtain better estimates of the helium ﬁlling factor. Following ref
20, we deﬁne this factor as
ρ ρ=f /n n( , ) av bulk (1)
with ρav as the average helium density inside a (n,n) nanotube
and ρbulk = 0.02185 Å
−3 as the bulk value for liquid helium.
With the aim of obtaining a more realistic simulation of the
adsorption process at temperatures below 2 K, which is better
described as the wetting of the carbon nanotubes in liquid,
superﬂuid helium, the submersion process is characterized via
orbital-free, bosonic helium density functional theory. Similar
studies on the interaction of superﬂuid helium with various
dopants have been performed by us in the past.40,41 Our
selection of carbon nanotubes with diameters between 5 and 20
Å is placed inside a helium droplet consisting of 2000 He
atoms. The interactions between He and the carbon material
are derived from the atom−bond potential model, providing
full two-dimensional PESs in z and ρ. A minimal corrugation
appearing along the azimuthal degree of freedom is neglected in
this study to preserve cylindric symmetry. However, we note
that this corrugation can have noticeable eﬀects on local phase
transitions of the helium in situations of minimal coverage, as
was demonstrated by Calvo in the case of the C60
+ -HeN systems
with N < 100.42
The free energy of a He nanodroplet with a carbon nanotube
inside is calculated as follows. We apply orbital-free helium
density functional theory (He-DFT) based on a slightly
modiﬁed version of the Orsay−Trento density functional.16,29
Within this formulation, the helium nanodroplet is charac-
terized as a condensate with all the 4He atoms in the same N-
occupied state represented by an eﬀective macroscopic wave
function Ψ(r) so that the total helium density is deﬁned as ρ(r)
= |Ψ(r)|2. We minimize the free energy, F[ρ], a functional of
this helium density ρ
ρ ρ ρ μ ρ ρ= + − − ·F E U N F R[ ] [ ] [ ] [ ] [ ]ext (2)
with E[ρ] denoting the Orsay−Trento density functional and
Uext[ρ] representing the external potential introducing the
interaction between droplet and nanotube
∫ρ ρ= −U Vr r r[ ] d ( ) ( )ext extHe CNT (3)
where Vext
He−CNT is the atom−bond model potential for the He−
CNT interaction. The two remaining terms of eq 2 reﬂect two
constraints put on the minimization procedure: the con-
servation of N, the particle number, and R, the He droplet mass
center, appearing with their corresponding Lagrange parame-
ters, the chemical potential μ and the retaining force F,
respectively. The density functional consists of a series of
terms29
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Table 1. Characteristics of the Interaction between Helium and Carbon Nanotubes of Various Diametersa
nanotube helicity (4,4) (5,5) (6,6) (7,7) (8,8) (9,9) (15,15)
diameter (Å) 5.42 6.74 8.14 9.47 10.85 12.18 20.33
Emin
in (K) − −624 −472 −353 −304 −277 −226
Emin
out (K) −142 −147 −151 −155 −157 −160 −169
rmin
in (Å) − 0.00 0.56 1.44 2.15 2.86 6.96
rmin
out (Å) 5.86 6.53 7.23 7.90 8.58 9.27 13.33
Ezp,r
in (K) − 81 18 44 48 49 48
Ezp,z
in (K) 31 3 3 2 2 2 1
S(n,n) (kcal/mol) −13.16 −16.66 −22.59 −26.37 −30.75 −34.62 −57.98
f(n,n) − 0.256 0.556 0.764 0.888 0.985 1.179
aApproximate diameters and positions of the PES minima; adsorption energies at the PES minima; zero-point energies; solvation energies, S(n,n), for
a complete submersion of the nanotubes in He2000; and the dimensionless ﬁlling factor, f(n,n).
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which can be identiﬁed as the quantum kinetic energy, the
Lennard-Jones-type He−He pair potential interaction energy,
two short-range correlation energy contributions involving ρ̅, a
locally averaged density for a given sphere of radius h ̅, and a
penalty term which forbids an extra pile-up of He density with
ρm as threshold value. For details, we refer to refs 29 and 30, in
which this functional has been used to study the freezing
transition of superﬂuid helium at high pressure. A time-
dependent version of it has been applied recently to underscore
dispersion eﬀects in the dynamics of helium nanodroplets on
graphene.43
As heliophilic dopants, the carbon nanotubes are supposed to
sink into the helium completely. On the other side, depending
on the tube radius, the ﬂooding of the tube will come at the
cost of increased total energy of the system. This interesting
interplay of surface wetting and its avoidance due to increased
zero-point energy for the conﬁned helium is studied in detail. In
Table 1 we provide solvation energies for all nanotubes, deﬁned
as the energy diﬀerence between full submersion and inﬁnite
distance between the helium droplet and the nanotube:
= + −S E E(He C ) (He )n n n n( , ) 2000 ( , ) 2000 (5)
All solvation energies in the table are negative, which
conﬁrms the assumption of a full submersion. However, a series
of corresponding contour plots of the helium density for fully
submerged carbon nanotubes (see Figure 3) reveals several
interesting features: First, the relatively strong interaction
between the helium and carbon structure leads to a ﬁrst layer of
very high helium density wrapped around the tube in a toroidal
geometry in all cases except for the (4,4) nanotube, where
permeation is not possible. Second, two local maxima of He
density appear along the axis near the tube entrance for all
nanotubes except (9,9). In the latter case, the diameter is large
enough for yet another layer of high helium density to appear
along the nanotube axis. This is better visible in the radial
density plots provided in Figure 4, where it can be seen that the
ﬁrst few layers of highest helium density are separated by
regions of complete zero density. Third, we ﬁnd an almost
constant peak-to-peak distance of approximately 2.8 Å, which is
in excellent agreement with the experimentally measured
Figure 3. Contour plots of the helium density for fully submerged carbon nanotubes of various helicity (n,n), from n = 4 to 9, labeled in ascending
order from a to f.
Figure 4. Radial distribution of the helium densities for fully immersed carbon nanotubes at z = 0. The large areas of zero helium density represent
the position of the carbon nanotube wall. Notice the strong oscillations of the density which are almost symmetric around the nanotube wall. These
oscillations lead to regions of zero helium density even inside the larger tubes.
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thickness of helium layers on graphite (between 2.73 and 2.78
Å).13 For demonstrative purposes we repeated our calculations
with an even larger nanotube of helicity (15,15) and the same
tube length, because for this large diameter of 20.33 Å yet
another layer of solid helium appears in the center of the tube,
giving a total of three layers inside the cylindrical conﬁnement.
The corresponding density contour plot is provided in Figure 5.
Interestingly, the distance between the ﬁrst (axial) and the
second density peak is larger in this case (3.9 Å), which
indicates a compromise between the tendency to form solid
layers with optimal distance but also to ﬁll up the nanotube
volume.
The single peaks of the radial helium density in the (5,5) and
(6,6) nanotubes have a width of approximately 1 Å, which
corresponds to a single line of atoms. Therefore, these formats
are candidates for the observation of a phase transition from the
superﬂuid to a quasi-ordered, one-dimensional phase known as
Luttinger liquid,44 which has been studied recently via quantum
Monte Carlo simulations of helium ﬂow through Si3N4
nanopores.45 Interestingly, the results for radial densities in
ref 45 show a similarly layered structure but diﬀer from our
ﬁndings in that there are no zones of zero density within the
nanotubes. From this, one can assume that the surprising
formation of helium cavities in carbon nanotubes is either a
consequence of the diﬀerent interaction potentials or related to
the full embedding simulated in our studies versus the periodic
approach of ref 45. However, additional insights from the
simpliﬁed atomic helium picture support the former
assumption: By adding a single He atom to the center of the
(8,8) and (9,9) tubes (i.e., adding the He−He interaction to the
radial PES shown in Figure 2), we obtain the modiﬁed PES for
a second He atom. Zero-point energy calculations for a radial
vibration of the second He atom in these modiﬁed PESs yield
values of 130 and 65 K for the (8,8) and the (9,9) nanotube,
respectively, while the corresponding PES minima are 220 and
290 K. Notice that the inclusion of the second He atom at the
center makes the eﬀective He−nanotube interaction more
attractive for the (9,9) case while the opposite holds for the
(8,8) counterpart (see Table 1). Considering the double
degeneracy of the radial vibration, there is no bound state
possible in the (8,8) nanotube, while there is in the larger (9,9)
nanotube.
To link our ﬁndings to experimental investigations based on
adsorption measurements, we further provide the ﬁlling factors
as deﬁned in eq 1. They are obtained by radial integration of
the plotted helium densities and can be found in the last
column of Table 1. All values lie below 1 except for the largest
nanotube (15,15), which conﬁrms the quenched adsorption of
superﬂuid helium for nanotubes of (9,9) helicity or smaller.
In summary, we applied bosonic, orbital-free He-DFT to
investigate the change in total energy and in the helium density
distribution of a superﬂuid helium droplet consisting of 2000
He atoms upon uptake of a single-walled carbon nanotube. The
necessary He−CNT interaction potential was derived via an
additive pairwise model validated with DFT-SAPT calculations
which allowed us to break down the intermolecular interaction
into physically meaningful contributions. Depending on the
diameter of the nanotube, the outer and inner walls of the
nanotube are covered by one or more dense layers of helium
upon full submersion. However, in contrast to quantum Monte
Carlo studies on Si3N4 nanotubes,
45 the radial density
oscillations show regions of complete zero density in our
case. We attribute this unusual ﬁnding to the increased zero-
point energy for helium atoms inside the nanotube due to the
conﬁnement, paired with the tendency to keep the overall
helium distribution minimally distorted. This is particularly
evident for the (8,8) nanotube, which shows an axial cavity
even after full submersion into the He droplet. We further
provide ﬁlling factors for a direct comparison to experimental
studies based on helium ﬂow or helium adsorption measure-
ments. For carbon nanotubes with helicity (9,9) or smaller, we
predict a reduced uptake and quenched mobility of superﬂuid
helium due to the layered structure and the cavities we observe
in our simulations.
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